INTRODUCTION
Melanotransferrin (MTf) or melanoma tumor antigen p97 is an iron (Fe)-binding transferrin (Tf) homolog originally identified at high levels on melanomas and other tumors, cell lines and fetal tissues (1) (2) (3) . Initial studies found MTf to be absent or only slightly expressed in normal adult tissues (2) , while later investigations demonstrated MTf in a range of normal tissues (4) (5) (6) . Recent studies showed MTf to be expressed at higher levels in the brain and epithelial surfaces of the salivary gland, pancreas, testis, kidney and sweat gland ducts compared to other normal tissues (7) (8) (9) . Nonetheless, the highest levels of MTf are still found on melanoma cells, in particular the SK-Mel-28 melanoma cell line which expresses 3.0-3.8 x
10
5 MTf molecules per cell (2, 3) .
The MTf molecule shares many properties in common with the Tf family of proteins, including: (i) a 37-39% sequence homology with human serum Tf, human lactoferrin, and chicken ovoTf; (ii) co-localization of the MTf gene on chromosome 3 with Tf and the Tf receptor 1 (TfR1) genes; (iii) many conserved disulfide bonds; (iv) an N-terminal Fe-binding site that is very similar to that found in serum Tf; and (v) the ability of isolated and purified
MTf to bind Fe from Fe(III) citrate complexes (3, (10) (11) (12) (13) . These characteristics and the high expression of MTf on melanoma cells suggested that it played a role in Fe transport, possibly assisting these tumor cells with their increased Fe requirements (7, 14, 15) . However, unlike serum Tf, MTf is typically tethered to the cell membrane by a glycosyl phosphatidylinositol (GPI)-anchor with only a very small amount of soluble MTf (sMTf) being detectable in serum, saliva, urine and cerebrospinal fluid (2, 16, 17) .
Extensive in vitro studies examining the role of MTf in Fe uptake by SK-Mel-28 melanoma cells demonstrated that both the membrane-bound and soluble forms of MTf do not efficiently 4 donate Fe to the cell, or bind to either TfR1 or transferrin receptor 2 (7, 14, 15, (18) (19) (20) . Analysis of normal tissues in humans and mice indicates that the expression pattern of MTf is very different to that of Tf and TfR1, and that MTf expression is not regulated by Fe levels (7) .
Collectively, these findings suggest that MTf has a negligible role in cellular Fe uptake in melanoma cells.
To date, the function of MTf in both normal and neoplastic cells remains unknown. A wide variety of studies have suggested MTf is involved in physiological and pathological processes, such as: (i) Fe transport (21, 22) , (ii) Alzheimer's disease (16, 23) , (iii) eosinophil differentiation (24) , (iv) chondrogenesis (25) , (v) arthritis (26), (vi) angiogenesis (27) , and (vii) plasminogen activation (28) . However, there is no definitive evidence for the functional role of MTf.
To determine the role of MTf, we generated MTf knockout (MTf -/-) mice by targeted gene disruption. A preliminary report on this work described the development of this mouse model with very limited description of the effects of the null allele on Fe homeostasis (9) . In the current paper, we provide a comprehensive assessment of the phenotype of this animal which is important for defining the function of MTf. Our studies show that lack of MTf expression had no significant effect on the growth, development, behaviour, or metabolism of MTf -/-
MATERIALS AND METHODS

Animals
MTf -/-mice were generated by homologous gene targeting in embryonic stem (ES) cells as described previously (9) . Animal work was conducted in accordance with the University of New South Wales Animal Ethics Committee Guidelines. All mice were housed under a 12 h light-dark cycle, fed routinely with basal rodent chow (0.02% Fe) and watered ad libitum.
Serum chemistry, hematology and histochemistry
Serum chemistry and hematological parameters were determined using a Konelab 20i
analyser (Thermo-Electron Corporation, Finland) and Sysmex K-4500 analyser (TOA Medical Electronics Co., Kobe, Japan), respectively. The total Fe-binding capacity (TIBC) was calculated by adding the serum Fe level and the unbound Fe-binding capacity (UIBC).
The Tf saturation was calculated as serum Fe level/TIBC x 100.
Blood and bone marrow smears were prepared and stained with Giemsa. A wide variety of tissues were dissected, fixed in formalin, sectioned and stained with hematoxylin and eosin and Prussian blue. These were assessed by two independent veterinary pathologists.
Tissue non-heme Fe, copper and zinc determinations
Tissue non-heme Fe, copper (Cu) and zinc (Zn) concentrations were measured using inductively coupled plasma atomic emission spectrometry (ICP-AES) via standard techniques (29) . On completion of hybridization and washing, microarray chips were scanned with the Affymetrix GeneChip ® Scanner 3000 (Millenium Sciences). Microarray data is available on the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) using the accession numbers GSM101412, GSM101413, GSM101414, GSM101415, GSM101416 and GSM101417.
Microarray processing and analysis
A two phase strategy was used to identify differentially expressed genes. First, genome-wide screening was performed using Affymetrix GeneChips ® . The empirical Bayes procedure (30) was applied in order to detect genes most likely to be differentially expressed between the MTf -/-and MTf +/+ samples. Individual p-values were then adjusted using the Holm step-down procedure to reduce the likelihood of false positives (31) . Statistical analysis of data from the 7 Affymetrix Genechips ® were used to produce a list of thirty genes with the greatest fold change. This analysis was not meant to provide proof of differential expression. Rather, definitive evidence of differential expression was obtained from the RT-PCR assessment of samples used for the microarray analysis and also at least three other independent samples.
Construction of siRNA vectors, cell culture and transfections
To prepare a construct capable of generating hairpin siRNA specific for human MTf mRNA, we used the expression vector, pSilencer™ 3. As a control, we cloned a scrambled, non-specific transgene into the vector (pS-scrambled) (Ambion).
Human SK-Mel-28 melanoma cells were obtained from the American Type Culture Collection (Maryland, USA) and cultured as described previously (7) . Transfections of pSMTf transgenes or pS-scrambled vectors were performed with Lipofectamine TM 2000 reagent (Invitrogen) and cells were selected and maintained in 1000 µg/mL of G418 (Invitrogen).
RT-PCR and Western analysis
RNA was isolated using the TRIzol ® reagent as described above and RT-PCR analyses of transcripts was carried out by standard procedures (32) using the primers in Table I Identities of transcripts were confirmed by DNA sequencing (8) .
Protein isolation and Western analysis were performed using established techniques, as previously described (33) .
Labeling of transferrin with Fe
Established techniques were used to label apo-Tf (Sigma Aldrich, MO, USA) or apo-MTf (from Malcolm Kennard, Synapse Technologies, British Columbia, Canada) with 56 Fe or 59 Fe (Perkin-Elmer, Boston, MA) (19) .
Iron uptake assay
Standard techniques in our laboratory were used to determine cellular 59 Fe uptake from 59 plates using a plastic spatula and centrifuged at 14,000 rpm for 1 min. This procedure resulted in the separation of Pronase-insensitive (internalized) 59 Fe in the cell pellet, while the bound 59 Fe-Tf uptake by cells (14, 34) . The supernatant and pellet were separated and placed in separate counting tubes. Radioactivity was measured on a γ-scintillation counter (Wallac, Compugamma, Finland).
In vitro cell proliferation and migration assays
Cell counts were performed using Trypan blue staining. DNA synthesis was measured via incorporation of 3 H-thymidine (Perkin-Elmer, MA, USA) using standard procedures (36).
Cell migration assays were performed over 18 h using Transwell ® filters in 24 well plates (Corning Inc, NY, USA) pre-coated with 0.15% gelatin (28) . As a second measurement of cell migration and proliferation, wound scrape assays were also implemented (37,38).
Tumor biology in nude mice
Male nude mice (BALB/c-nu) were subcutaneously injected at one site on the right flank with 
Statistical analysis
Excluding the statistical analysis of the microarray results described above, all data were compared using Student's t-test. Results were expressed as mean ± standard error of the mean (SEM) or mean ± standard deviation (SD). Data were considered statistically significant when p < 0.05.
RESULTS
Phenotypic characterization of MTf -/-mice
Melanotransferrin knockout mice of a mixed 129/SvJ and C57BL/6 background were generated by homologous recombination in ES cells, as described previously (9) . In this we assessed brain Fe levels in mice maintained for 4 weeks on either a basal (0.02%) Fe or high (2.00%) Fe diet ( Figure 1E and F). Regardless of diet, no significant differences were observed in either male or female MTf -/-mice compared to MTf +/+ littermates. The effect of dietary Fe challenge on Fe levels in the liver, spleen, heart and kidney was reported in our previous study, where no differences were observed between the genotypes (9).
A panel of hematological indices (Table II) and selected serum biochemistry parameters (Table III) were assessed with no significant differences being detected between MTf -/-and MTf +/+ littermates except in alkaline phosphatase (ALP) levels in male animals. However, this significant (p < 0.05) decrease in ALP levels was within the normal range (45).
Moreover, this difference in ALP levels was not observed when comparing female MTf -/-and MTf +/+ mice. All the hematological and biochemical parameters assessed were within physiological limits observed in mice (45,46). A broader serum biochemistry and hematological screen, which included amylase, creatine kinase-MB, cholesterol, glucose, triglycerides, urea, Ca +2 /Mg +2 /PO 4 -3 , prothrombin and partial prothrombin time, and differential cell counts (including neutrophils, basophils and eosinophils) also showed no significant differences between MTf -/-and MTf +/+ littermates (data not shown).
Male and female mice were assessed as separate groups due to the known differences in Fe metabolism between the two sexes (47,48). All of the above-mentioned parameters were also assessed as part of a longevity study when mice were aged 18 months old, with no significant differences being observed (data not shown).
MTf expression is not essential for normal Fe metabolism
MTf is a Tf homolog and shares many of its characteristics, including the ability to bind Fe (3, 40 compared to scrambled control cells ( Figure 3D ). Fluorescent staining for cell viability (using acridine orange, propidium iodide and Hoechst 33258) indicated that the depressed proliferation was not due to apoptosis or necrosis (data not shown).
Addition of Fe, apo-MTf or holo-MTf does not rescue depressed proliferation in melanoma cells with decreased MTf expression
To further assess the hypothesis that MTf may potentially act as an Fe transport molecule to aid melanoma proliferation (3), we examined whether exogenous Fe could restore the depressed growth of MTf/B1 cells. To do this, cells were incubated with ferric ammonium citrate (FAC; 100 µg/mL) that is well known to effectively donate Fe to cells (34, 53) .
Previously, we showed that FAC donates Fe to the same cell type used here (SK-Mel-28 cells) and down-regulates both hTfR1 mRNA and protein levels (7, 34) . These studies with To further examine the relationship between MTf function and Fe metabolism, we performed 59 Fe uptake assays using 59 Fe-Tf (0.75 µM). These studies showed no significant difference in 59 Fe uptake from 59 Fe-Tf between MTf/B1 cells and the scrambled control ( Figure 4B ), suggesting MTf had a negligible role in Fe uptake from Tf. The fact that 59 Fe-Tf uptake was not greater than the scrambled control agrees with our data indicating no difference in hTfR1 mRNA expression between MTf/B1 cells and the scrambled control ( Figure 3A) . These results support the finding that MTf/B1 cells were not Fe-deplete due to low MTf expression.
A previous study suggested sMTf can inhibit SK-Mel-28 cellular migration and that the balance between the soluble and membrane-bound forms of MTf can regulate this process (28) . Hence, it was important to determine if incubating these cells with sMTf could restore proliferation of MTf/B1 cells. However, addition of holo-sMTf ( Figure 4C ) or apo-sMTf ( Figure 4D ) at a concentrations well above those used in a previous study (1 µM) (17) had little effect on MTf/B1 cells or the scrambled control. This indicates it is membrane-bound MTf which is important for proliferation.
Inhibition of MTf expression decreases cell migration
The suggestion that MTf may be involved in migration was assessed by examining the ability of melanoma cells to pass from the upper to the lower levels of a transwell filter ( Figure 5A) and their ability to repair a "wound" in a monolayer ( Figure 5B ). The MTf/B1 cell line showed a significant decrease (p < 0.01) in migration over 18 h compared to the scrambled control ( Figure 5A ). Since the cells do not significantly proliferate over 18 h ( Figures 3C,   4A ,C-D), the effect was unlikely due to a difference in growth rate. The ability of the cells to proliferate and migrate was also assessed via a wound closure assay ( Figure 5B ). This assay is an indirect measure of cell migration as the effects of proliferation must also be taken into account. Scrambled control cells had closed the wound in the monolayer after 60 h, whereas
MTf/B1 cells only begun to close the wound after 72 h ( Figure 5B ).
Inhibition of MTf expression by PTGS results in depressed tumor growth in nude mice
To examine the effect of decreased MTf expression on growth in vivo, the proliferation of MTf/B1 cells compared to SK-Mel-28 and scrambled control cells was assessed by subcutaneous injection into nude mice and the growth of the tumors examined ( Figure 5C ). The current investigation supports our previous in vitro studies using melanoma cells which demonstrated that membrane-bound MTf or sMTf did not play an important role in Fe uptake (7, 15, 18, 19) . These results were confirmed by others using different cell types (62) .
DISCUSSION
Furthermore, sMTf did not bind to TfR1 or TfR2 to donate Fe to cells (19, 20) . Other studies also suggest that MTf does not play a key role in Fe metabolism. For instance, unlike TfR1 which is up-regulated to supply Fe for DNA synthesis in the S phase (63), MTf expression remained constant throughout the cell cycle (64) . Moreover, in contrast to TfR1, MTf is not regulated by cellular Fe status (4,7) and is not up-regulated in dividing cells (65) .
Collectively, these data and our previous results (9) demonstrate that MTf is not essential for normal Fe homeostasis.
As there was no obvious phenotype in the MTf knockout mouse, gene array analysis was employed to identify any changes in the gene expression profile of mice with the MTf null allele. These studies showed no changes in the expression of molecules known to be involved in Fe metabolism. However, the analysis did identify genes that were differentially expressed between MTf -/-and MTf +/+ littermates. The products of these genes have roles in processes such as transcription, differentiation and development, regulation of cellular metabolism, transport and cell adhesion. Subsequent analysis of these changes using RT-PCR confirmed that the genes Mef2a, Tcf4 and Gls were up-regulated, while the Apod gene was downregulated in MTf -/-mice compared to their wild-type littermates.
Of these genes, two were identified as transcription factors, namely Mef2a and Tcf4 (70, 71) .
The Mef2a transcription factor is strongly expressed in muscle tissues and is involved in fetal cardiac development, calcium-signalling and the MAP kinase pathways (70, 72, 73) . This transcription factor is suggested to be important in cell proliferation, differentiation and survival (74) . The Tcf4 gene product plays a role in the Wnt signalling pathway (75) and the regulation of melanocyte differentiation (76) . Tcf4 is expressed at high levels in some cancers and functional genomic investigations demonstrated this transcription factor has a role in cell proliferation (71, 77) . Notably, genes such as solute carrier family 2a member 4 (Slc2a4) and proliferation. Under the current experimental conditions, no defect in growth or development was obvious and a phenotype may only be observed when the mouse is exposed to an appropriate stress.
Given these results from the MTf -/-mouse, it should be noted that this is a normal physiological system in a whole organism which has many existing compensatory Apod is located on the alternate strand as MTf (564-kb apart) and these latter results demonstrating no difference in TfR1 expression between the genotypes (9) List of Figures   Fig. 1 . Examination of growth rates, organ to body weight ratios and brain Fe levels of 
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